The development of nearest-neighbor analysis led to the finding that the frequency of the dinucleotide CpG is markedly depressed in vertebrates. One explanation of this suppression is that methylation of CpG found in vertebrates represents a mutational hot spot through deamination of methylcytidine to thymidine. We have examined the role of methylated CpG as a factor in CpG suppression by comparing CpG distributions in coding regions of 121 genes from six species, three with methylated DNA and three with nonmethylated DNA. Overall base composition shows that all species exhibit CpG suppression, with the methylated forms showing significantly greater suppression than nonmethylated forms.
When the data are analyzed by CpG position, the mean values of the methylated forms exhibit greater suppression than nonmethylated forms at positions I-II and u-m, but there is considerable overlap of suppression scores for individual species. At position nI-I, CpG suppression is marked in all methylated species, and it is reversed in all nonmethylated species. Our analysis supports the hypothesis that CpG patterns at positions u-rn and rn-I in methylated forms are affected by mutation acting through deamination of methylcytidine to thymidine. We speculate that the excess of CpGs at position III-I in nonmethylated forms may be related to a requirement for minimal thermal stability of the DNA.
The development of nearest-neighbor analysis (1, 2) led to the finding that certain dinucleotides were present at frequencies that deviated significantly from random expectations. Significant deviations exist for CG vs. GC, AC vs. CA, TA vs. AT, and GT vs. TG, with the pattern of deviations being essentially uniform over a wide range of life forms (3) . The frequencies of complementary dinucleotides (e.g., CG-GC) usually differ by no more than 10-20%. However, for the CG vs. GC pair in vertebrates, the difference is of the order of several hundred percent, with the dinucleotide CpG being markedly suppressed. Various ideas have been proposed to explain this CpG suppression. One explanation is based on the evidence that methylated CpG (mCpG) represents a mutational hot spot through deamination of mC to T (4-6); the C in a GpC dinucleotide is rarely, if ever, methylated (7) . Other explanations consider restrictions imposed by the translation apparatus (8, 9) , chromosomal structural restraints (10) , and the possibility that CpG is depressed as a result of a universal coding rule (11) .
To further examine the role of mCpG as a factor in CpG 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. We also identified four genes [phosphoglycerate kinase (PGKI), arginase, a-amylase, and glyceraldehyde-3-phosphate dehydrogenase] with complete coding sequences in both a methylated and a nonmethylated species. The amino acid sequences derived from these four genes were aligned and the corresponding DNA sequences were analyzed for CpG patterns. The PGK1 gene is known to be methylated in humans (7) , and it is assumed that the other three genes are also methylated in the methylated species.
RESULTS
The analysis of total CpG content ( tExpected value calculated from the number of threonine, proline, and alanine codons times 1/4 plus the number of serine codons times 1/6. tExpected value calculated from the product of the proportion of NNC and GNN codons.
arginase, a-amylase, and glyceraldehyde-3-phosphate dehydrogenase were identified in two or more species. The amino acid sequences they specify were aligned by pairs and the corresponding CpGs were compared, assuming that the nonmethylated forms (S. cerevisiae, C. elegans, D. melanogaster) represent phylogenetically older forms than the methylated species (H. sapiens, M. musculus). We restricted these comparisons to sequences specifying conserved amino acids, because the species being compared have been separated by long evolutionary periods, and nonconserved sites would most likely represent multiple mutational events. A part of the aligned sequence (codons 164-179) of yeast and human PGK1 is shown in Fig. 1 . There are 4 CpGs in the yeast sequence and all have changed in the human sequence, with 3 of the changes being to TpG. There are 11 CpNs other than CpG in the same yeast sequence and only 2 differ.
All four gene comparisons exhibited similar patterns and, therefore, we present the statistical results of these analyses in a combined form (Table 4 ). There are 130 CpGs in the conserved regions of the four genes from the nonmethylated species, and 115 (88%) have changed at homologous positions in the methylated forms. Seventy-two (63%) of the changes were to TpG, 5 (4%) were to CpA, and the remainder (33%) were to other bases. As controls, we analyzed changes at the remaining dinucleotides containing a 5' C in the same regions (Table 4) . If the 5' C changed, it was considered a mutation. There were 457 5' C dinucleotides other than CpGs and 121 (26%) changed, which is significantly less than the changes from a CpG. It is shown (Table 4) that the CpGs in nonmethylated forms are distributed in a very unequal manner: 77% at position III-I, 18% at position I-IH, and 5% at position II-III. The CpGs at positions III-I and II-III appear to be extremely unstable as >95% of them have changed in the homologous human genes as compared with 57% at position I-II. The control dinucleotides exhibit a similar pattern of instability, although in all cases the CpGs are significantly more unstable than the other 5' C dinucleotides.
If the changes we have described are primarily due to the instability of mCpGs, then a comparison of homologous genes in nonmethylated forms should not show a CpG instability. We compared the glyceraldehyde-3-phosphate dehydrogenase genes in yeast and C. elegans, two nonmethylated forms, and found that, of 11 CpGs in yeast, a total of 3 (27%) had changed in C. elegans, all to TpG. At the control dinucleotides, 8 (15) : there were 46 sites where at least one species had a CpG and only 3 sites (6%) varied between these species. At the control dinucleotides, 9 of 194 sites (5%) varied between these species, which is not significantly different from the frequency of change at the CpG dinucleotides.
All the deamination-related changes of mCpG at position I-II and half of the changes at positions II-III and III-I lead to nonconservative amino acid replacements, which should be subject to negative selection. The data in Table 1 , which show that changes at positions I-II occur much less frequently than changes at position II-III and III-I, support this deduction. A comparison of CpGs in a functional gene and its pseudogene in a methylated species should avoid the negative selection problem and permit an estimate of the maximal instability of mCpG. 
DISCUSSION
There is considerable evidence that mCpG represents a mutational hot spot (6, 16) . Cytosine may be the most unstable base in DNA. It has been estimated that -100 cytosines a day are spontaneously deaminated in a human cell; this leads to an unrepaired 5' mC nucleotide mutation rate of -1 x 10-5. This mutation rate is at least 3 orders of magnitude greater than the usual estimates of mutation rates at the nucleotide level. Under these conditions, methylated sites would have a transient existence, and it was originally assumed that this type of mutation could not be repaired. We now know that in both bacteria and mammalian cells, a specific repair system exists Ill-I 100 95 177 80 The data are derived from the following pairs: glyceraldehyde-3-phosphate dehydrogenase, S. cerevisiae-H. sapiens and C. elegans-H. sapiens; PGK1, S. cerevisiae-H. sapiens; arginase, S. cerevisiae-H. sapiens; a-amylase, D. melanogaster-H. sapiens. *S. cerevisiae, D. melanogaster, and C. elegans.
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that preferentially removes thymine from TpG pairs, the expected product of mCpG deamination (17) (18) (19) . However, the repair system is far from perfect since the majority of human point mutations seem to derive from transitions at CpG dinucleotides (20) (21) (22) (23) (24) . Direct proof that such transitions involve mCpG was recently provided by Rideout et al. (25) . There is considerable statistical data (6) that supports this general conclusion as well as our own observations in this report. Almost 90% of the CpGs in the nonmethylated species have mutated in the methylated species and two-thirds have changed to TpG or CpA, the dinucleotides expected from deamination of mCpG. In view ofthe instability of mCpG, one would expect a marked and general CpG suppression in methylated species compared to nonmethylated forms. However, this is not the case; all species exhibit CpG suppression at position 11-111, and CpG distributions at position I-II show marked overlap of suppression values. It is only at position 111-I that a consistent difference is seen between methylated and nonmethylated species. In fact, C. elegans, D. melanogaster, and S. cerevisiae have significant excesses of CpGs at position 111-I. These results appear to be at variance with the original nearest-neighbor observations that showed marked CpG suppression for vertebrates as compared to nonvertebrates. However, the nearest-neighbor observations were made on total DNA, while our observations are restricted to coding sequences. We now know that intronic DNA in vertebrates is more CpG suppressed than coding DNA (21) (22) (23) (24) (25) (26) (27) (28) (29) ; 90%o of the genes in our methylated species are from vertebrates and vertebrates have much more intronic DNA in their genomes. On the other hand, our nonmethylated forms are all nonvertebrate species and generally have much less intronic DNA.
How can we account for the CpG suppression at positions I-II and II-III in the species with nonmethylated DNA? One possibility is that these species have gone through a methylation period in their evolutionary past and that present day CpG frequencies reflect this history. This idea leaves unexplained the excess of CpGs at position III-I in these forms. Considering the long period that these forms must have existed without methylation and the possibility of reverse transitions (24) , the present day CpG frequencies do not offer strong support for this idea. Furthermore, one can argue that early eukaryotes lost the prokaryotic defense mechanism of DNA modification and restriction as a result of the evolution of a superior nuclear envelope. Later some eukaryotes evolved an altered DNA modification system for other purposes.
It seems more likely that CpG suppression at positions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and II-III in nonmethylated forms reflect restrictions imposed by the translation apparatus for the purpose of optimizing general translation efficiency in microbial forms. This idea was first put forward by Subak-Sharpe et al. (8) , was given experimental support by Ikemura (30) and Bennetzen and Hall (31) , and was extensively analyzed by Grosjean et al. (32, 33) and Grantham et al. (34) . Ikemura (30) has shown that codon usage in Escherichia coli and S. cerevisiae is related to the relative abundance of the various tRNA molecules. There is a particularly strong correlation between genes expressed at high levels and the use of the most frequent tRNAs. Hoekema et al. (35) have demonstrated a significant decrease of expression in the highly expressed yeast PGKI gene when major codons are replaced with synonymous minor ones. Highly expressed genes in yeast tend to avoid CGN and NCG codons, while those genes whose mRNAs represent a small fraction of the total cellular RNA make use of a number of different isoacceptors. While there are some general similarities in the E. coli and S. cerevisiae codon usage patterns, there are some striking differences, especially with respect to codons containing CpG. The preferred arginine codon in E. coli is CGU, while in yeast it is AGA. The preferred codon for proline in E. coli is CCG, while in yeast the preferred codon is CCA (CCG appears never to be used). Since E. coli has methylated DNA, the above pattern differences imply that methylation was not involved in the evolutionary origin of the isoacceptor patterns. (9) first noted that some G+C-rich tRNAs and a 5S RNA gene were not CpG suppressed. We have analyzed a further 13 human tRNA genes and found that they also are not CpG suppressed. Furthermore, restriction analysis of three of these tRNA genes indicates that they are methylation free (37) . Another example of escape from CpG suppression is the G+C-rich promoter regions of mammalian housekeeping genes. These regions may be up to 1 kilobase long and have a G+C composition ranging from 60% to >80%. They are also methylation free (38, 39) . One exception to this pattern is the G+C-rich promoters on the inactive X chromosome, which are methylated as part of their repression mechanism (40) . However, even these regions are demethylated through most, if not all, of their germ cell history (41), thus minimizing mutational damage through the deamination pathway.
There appear to be at least three processes that determine CpG patterns. Optimization of translation efficiency may play a significant role in explaining the variations in CpG distributions at different positions in nonmethylated forms. It seems possible that optimization of translation efficiency may have lost some of its selective role in vertebrates (42, 43) . For methylated forms it appears that CpG patterns at positions 11-III and III-I are significantly affected by mutation acting through elimination of mCpG. All the CpGs at position II-111 in nonmethylated species were changed in the homologous genes of methylated species (Table 4 ). The small number of observations for this position reflects the fact that even nonmethylated forms are markedly CpG suppressed at position II-III. At position III-I, 95% of the CpGs in nonmethylated forms were changed in methylated species, and these changes were primarily to TpG, the substitution predicted by the deamination model. Changes at position I-II were much less frequent, which must be related to the fact that all deamination-caused substitutions at position I-II lead to missense mutation. Methylation and mutation at CpGs most likely account as well for the marked CpG suppression found in intronic DNA of vertebrates (26) (27) (28) (29) . Smith et al. (27) have argued that the absence of a proportional increase in TpG in intronic DNA indicates that the deamination mutational hot spot theory may not explain CpG suppression in this instance.-One would not expect the substituted T to be selectively retained in intronic DNA as it is in the 111-I position. The methylation-induced CpG suppression in introns and at position III-I in exonic DNA in methylated species together with the excess of CpG at position III-I in nonmethylated forms may be sufficient to explain the marked difference in CpG suppression between nonvertebrates and vertebrates. A third factor affecting CpG patterns must be a signal(s) protecting G+C-rich regions from methylation and subsequent CpG suppression (44) . The methylation of G+C-rich promoters on the mammalian inactive X chromosome (45) and the G+C-rich 5' regions of some Li elements (46, 47) indicates that such a signal can be overridden. The elucidation of the signal and its interactions could tell us a good deal about methylation targets.
